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Abstract
We present a detailed discussion on neutrinoless double beta decay (0νββ) within left-right
symmetric models based on the gauge symmetry of type SU(2)L × SU(2)R × U(1)B−L as well as
SU(3)L×SU(3)R×U(1)X where fermion masses including that of neutrinos are generated through
a universal seesaw mechanism. We find that one or more of the right-handed neutrinos could be
as light as a few keV if left-right symmetry breaking occurs in the range of a few TeV to 100 TeV.
With such light right-handed neutrinos, we perform a detailed study of new physics contributions to
0νββ and constrain the model parameters from the latest experimental bound on such a rare decay
process. We find that the new physics contribution to 0νββ in such a scenario, particularly the
heavy-light neutrino mixing diagrams, can individually saturate the existing experimental bounds,
but their contributions to total 0νββ half-life cancels each other due to unitarity of the total 6× 6
mass matrix. The effective contribution to half-life therefore, arises from the purely left and purely
right neutrino and gauge boson mediated diagrams. We find that the parameter space saturating
the 0νββ bounds remain allowed from the latest experimental bounds on charged lepton flavour
violating decays like µ → eγ. We finally include the bounds from cosmology and supernova to
constrain the parameter space of the model.
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I. INTRODUCTION
The Standard Model (SM) of particle physics has been established as the most successful
description of the fundamental particles and their interactions: strong, weak and electromag-
netic. The model based on the local gauge symmetry SU(2)L×U(1)Y × SU(3)C describing
strong, weak and electromagnetic interactions between fundamental particles gets broken
down to U(1)Q × SU(3)c remnant gauge symmetry spontaneously due to the non-zero vac-
uum expectation value (vev) of the Higgs field charged under the SU(2)L×U(1)Y symmetry
of the model. Since the discovery of the Higgs boson in 2012 at the large hadron collider
(LHC), the SM has been confirmed again and again as the only theory around the elec-
troweak scale with no signs of new physics yet. In spite of these null results for new physics
beyond the standard model (BSM), there are convincing amount of evidence suggesting the
presence of new physics. This need for new physics arises due to the inadequacies of the SM
as it can not address several observed phenomena as well as theoretical questions. Non zero
but tiny neutrino mass [1] is one such observation which the SM can not address. Due to the
absence of right handed neutrinos in the SM, there is no renormalisable interaction between
the neutrino and the Higgs field resulting in vanishing mass of neutrinos. The SM also can
not explain the origin of parity violation seen in low energy weak interaction processes which
is at sharp contrast with other interactions like electromagnetic and strong which are parity
conserving. This motivates one to speculate that all fundamental interactions are parity
conserving at the most fundamental level or at a very high energy scale and the SM is a par-
ity violating low energy manifestation of such a unified parity conserving theory. These two
observations namely, non-zero neutrino mass and parity violation in weak interactions can
be explained naturally within the framework of the left-right symmetric model (LRSM) [2–
4]-based on the gauge symmetry SU(2)L×SU(2)R×U(1)B−L×SU(3)C where both left and
right-handed fermions are treated on equal footing in a parity symmetric manner. The right
handed fermions transform as doublets under the new SU(2)R gauge symmetry similar to
the transformation of left handed fermions under the SU(2)L gauge symmetry of the SM.
The inclusion of right handed neutrinos become a necessity in such a framework and hence
neutrinos can naturally acquire a non-zero mass.
In the framework of the LRSM, the light neutrino masses can arise in several different
ways depending on the scalar content and the way spontaneous symmetry breaking occurs
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from LRSM gauge symmetry to that of the SM and finally to the U(1)Q × SU(3)c symme-
try. The minimal version of LRSM contains scalars which transform as SU(2) triplets and
bidoublet with the triplets playing to role of breaking the LRSM gauge symmetry to that
of the SM and the bidoublet playing the same role in electroweak symmetry breaking. This
promising theory of parity preserving weak interaction can have testable consequences for
different experiments or observed phenomena when LRSM gauge symmetry breaking occurs
at few TeV. Such tantalising consequences can be in the gauge sector in terms of additional
gauge bosons [5–35], in the Higgs sector [36–49], in the context of neutrinoless double beta
decay [50–71], in dark matter contexts [72–77] in low-energy charged lepton flavour viola-
tion (LFV) [11, 55, 60, 66, 68, 70, 78–88] and electric dipole moment (EDM) [57, 63, 89–92].
Apart from this most widely studied minimal LRSM, there have been alternative formulation
of the left-right symmetric models as well which have different scalar content and different
ways of generating fermion masses. For example, if the scalar sector of the minimal LRSM
(MLRSM) is replaced by a pair of scalar doublets transforming under SU(2)L, SU(2)R re-
spectively then the desired symmetry breaking can be achieved in a more minimal way.
However, the absence of the bidoublet prevents one from writing renormalisable mass terms
for the fermions forcing one to introduce higher dimensional operators [93]. A renormalisable
version of such LRSM with universal seesaw for all fermions can be achieved by introducing
additional heavy fermions [94–96]. Several other realisations of fermion masses within such
LRSM without scalar bidoublet can be found in [97–99]. The LRSM with universal seesaw
(LRSM-US) for all fermions was also studied from 0νββ point of view in [58, 100, 101]
and more recently within the 331 set up [102]. The extension of such a framework to the
331 models namely, the SU(3)L × SU(3)R × U(1)X models has also been studied recently
[102]. In the 331 version of LRSM with universal seesaw, it was pointed out that due to
the existence of light right handed neutrinos in the keV-MeV range, such a model can give
observable contributions to 0νββ due to large light-heavy neutrino mixing. Such a version
of LRSM where the scalar sector can be made more minimal than MLRSM at the price of
introducing extra vector-like iso-singlet quarks and leptons was of much interest in the con-
text of LHC anomalies [103–105]. Apart from having all other generic features of minimal
LRSM in terms of providing an explanation to the origin neutrino mass, origin of parity
violation, strong CP problem, allowing the possibility of non-supersymmetric grand unifica-
tion the LRSM-US can also explain the origin of fermion mass hierarchies through seesaw
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mechanism instead of arbitrarily fine tuning the Yukawa couplings.
In the present work, we intend to study the contribution of different particles in LRSM-
US to lepton number violating rare decay process of neutrinoless double beta decay that
have been looked for at several experiments resulting in strict upper bound (lower bound)
on the amplitude (half-life) for such a process. This is an extension of the recent work [102]
to do a complete scan of all parameters, though confined to SU(2)L × SU(2)R × U(1)B−L
version of LRSM for simplicity instead of the 331 version of [102]. With the present 0νββ
experiments like KamLAND-Zen [106, 107], GERDA [108, 109] probing the quasi-degenerate
regime of light neutrino masses, one can expect the next generation experiments to cover
the entire parameter space for 0νββ, at least in the case inverted hierarchical pattern of
light neutrino masses. The current lower limit on the half-life of this rare process from
these two experiments lie in the range of 1025 − 1026 year. The projected sensitivity of the
phase III of KamLAND-Zen is T1/2 > 2× 1026 year after two years of data taking. Similar
goal is also set by the GERDA experiment to reach T1/2 > 1026 year. We show that the
contributions to 0νββ in LRSM-US can saturate these experimental bounds even if the
scale of SU(2)R ×U(1)B−L breaking is outside the reach of present collider experiments. In
particular, such a model allows the right handed neutrinos to be as light as a keV without
any fine-tuning even if the symmetry breaking scale is kept around a few (tens of) TeV.
This also allows for the possibility of large light-heavy neutrino mixing and can contribute
significantly to 0νββ through light-heavy or left-right mixing diagrams. However, their
combined contribution gets cancelled out due to the unitarity of the full 6× 6 mass matrix
leaving out the purely left and purely right handed contributions to the 0νββ half-life. On
the other hand, such large light-heavy mixing between neutrinos can introduce non-unitary
effects to leptonic mixing and can be constrained significantly from charged lepton flavour
violating decay like µ → eγ that have been looked for at ongoing experiments like MEG
[110]. We constrain the model parameters from the requirement of satisfying both 0νββ and
LFV constraints from the latest experimental data.
We first discuss neutrinoless double beta decay in the framework of left-right symmetric
model with universal seesaw in two regimes: i) firstly considering the SU(2)R gauge boson
masses MWR ≈ 3 TeV and equivalently the right handed neutrino masses MR ≈ O(keV), ii)
secondly, with MWR ≈ 50 TeV (or equivalently, MR ≈ O(MeV)). In the former case, the
diagrams mediated by WL−WR as well as WL−WL where light-heavy neutrino mixing can
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play the major role. On the other hand, the purelyWR mediated diagram remains suppressed
in this case. Similarly, withMWR ≈ 50 TeV, theWR−WR mediated diagrams give negligible
contribution to 0νββ. The dominant contribution in the latter case arises from WL −WR
mediated diagrams where large light-heavy neutrino mixing plays an important role, once
again. The WL −WR mixing diagram (so called η diagram) can also contribute, sizeably in
this case, though remain suppressed from experimental bounds. The importance of light-
heavy neutrino mixing in the study of 0νββ within generic LRSM with type I/II seesaw was
pointed out by [62, 63]. Since all the neutrinos are light, having masses smaller than the
typical momentum exchange of the 0νββ process, we find that the combined contribution
of such heavy light mixing to the half-life cancels out due to unitarity of the mass matrix.
However, both left and right handed neutrinos can contribute sizeably due to their individual
gauge interactions, saturating the experimental bounds on 0νββ half-life. After showing
the new physics contribution to 0νββ for some benchmark values of parameters, we also
scan the entire parameter space and put the constraints on WR mass, light-heavy neutrino
mixing parameter as well as the lightest neutrino mass from the requirement of satisfying
the current experimental bounds on 0νββ. We also check that for the entire region of our
interest with WR mass being varied all the way upto 100 TeV, the gauge boson mediated
diagrams contributing to µ → eγ remain very much suppressed compared to the latest
experimental bound [110]. Apart from using the latest experimental constraints on light
neutrino parameters that have appeared in global fit work [111], we also use the limit on the
sum of light neutrino masses from the Planck mission data as
∑
imi < 0.17 eV [112].
The paper is organised as follows. In section II, we briefly discuss the LRSM with
universal seesaw for all fermions. In section III we discuss different contributions to 0νββ in
the model followed by a brief discussion on possible new physics contribution to the charged
lepton flavour violating decay µ → eγ in section IV. We discuss our numerical calculations
in section V, followed by cosmology, supernova bounds in section VI and finally conclude in
section VII.
II. LEFT-RIGHT SYMMETRIC MODEL WITH UNIVERSAL SEESAW
In this section, we briefly recapitulate the left-right symmetric model without scalar
bidoublet where all fermion masses are generated by a common universal seesaw mechanism.
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The particle content of the model transforms non trivially under the gauge symmetry of the
model given by
GLR ≡ SU(2)L × SU(2)R × U(1)B−L × SU(3)c , (1)
which gets broken down to the U(1)Q×SU(3)c of electromagnetism and colour spontaneously
at two stages such that the electromagnetic charge Q is defined as
Q = T3L + T3R +
B − L
2
= T3L + Y . (2)
We denote T3L and T3R are, respectively, the third component of isospin corresponding to
the gauge groups SU(2)L and SU(2)R, and Y is the hypercharge. Here difference between
baryon and lepton number is promoted to local gauge symmetry. It should be noted that
the model also has an in built discrete Z2 symmetry or left-right symmetry (D parity) under
which forces the couplings in the left and right sectors equal, making the theory left-right
symmetric. The fermion content of the model is
QL =
uL
dL
 , QR =
uR
dR
 ,
`L =
νL
eL
 , `R =
νR
eR
 , (3)
plus additional vector-like quarks and charged leptons,
UL,R , DL,R EL,R , NL,R . (4)
The spontaneous symmetry breaking is implemented with a scalar sector consisting of
SU(2)L,R doublets HL ⊕ HR and the conventional scalar bidoublet of MLRSM is absent.
All these fields with their transformations under the gauge symmetry are shown in table I.
The scalar potential of the model can be written as
V = µ2H
(
H†LHL +H
†
RHR
)
+ λH
(
(H†LHL)
2 + (H†RHR)
2
)
+ λ′H(H
†
LHL)(H
†
RHR) (5)
The scalar fields can acquire non-zero vev as
〈HR〉 =
 vR√2
0
 , 〈HL〉 =
 vL√2
0
 . (6)
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Field SU(2)L SU(2)R U(1)B−L SU(3)c
QL 2 1 1/3 3
QR 1 2 1/3 3
`L 2 1 -1 1
`R 1 2 -1 1
UL,R 1 1 4/3 3
DL,R 1 1 -2/3 3
EL,R 1 1 -2 1
NL,R 1 1 0 1
HL 2 1 -1 1
HR 1 2 -1 1
TABLE I. Field content and their transformations under the gauge symmetry of LRSM with uni-
versal seesaw.
The vev of the neutral component of HR spontaneously breaks the symmetry of the LRSM
to that of the SM while the vev of the neutral component of HL gives rise to the usual
electroweak symmetry breaking. In other words, the desired symmetry breaking chain is
SU(2)L × SU(2)R × U(1)B−L 〈H0R〉−−−→ SU(2)L × U(1)Y 〈H
0
L〉−−−→ U(1)Q
In the scalar potential written above, the discrete left-right symmetry is assumed which
ensures the equality of left and right sector couplings. However, as shown in earlier works
[93–96] the scalar potential of such a model with exact discrete left-right symmetry is too
restrictive and gives to either parity preserving (vL = vR) solution or a solution with (vR 6=
0, vL = 0) at tree level. While the first one is not phenomenologically acceptable the latter
solution can be acceptable if a non-zero vev vL 6= 0 can be generated through radiative
corrections [113]. While it may naturally explain the smallness of vL compared to vR, it
will constrain the parameter space significantly [113]. Another way of achieving a parity
breaking vacuum is to consider softly broken discrete left-right symmetry by considering
different mass terms for the left and right sector scalars [3, 93–96]. As it was pointed out by
the authors of [3], such a model which respects the discrete left-right symmetry everywhere
except in the scalar mass terms, preserve the naturalness of the left-right symmetry in spite
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of radiative corrections. Another interesting way is to achieve parity breaking vacuum is
to decouple the scale of parity breaking and gauge symmetry breaking by introducing a
parity odd singlet scalar [114]. In this work, we simply assume that the desired symmetry
breaking can be achieved by considering different mass terms for left and right sector scalars
[3] without incorporating any new field content. Such a minimal assumption is not going to
affect our discussion of 0νββ and LFV or even the origin of fermion masses.
After the neutral components of the scalar fields acquire non-zero vev’s, the resulting
gauge boson masses can be derived as
MWL =
g
2
vL, MWR =
g
2
vR, MZL =
g
2
vL
√
1 +
g21
g2 + g21
, MZR =
vR
2
√
(g2 + g21)
Here gL = gR = g is the SU(2)L,R gauge coupling whereas g1 is the corresponding gauge
coupling for U(1)B−L symmetry. Unlike in the minimal LRSM, here there is no tree level
mixing between the left and right gauge bosonsWL,WR. However, they can mix at one-loop
level with fermions going in the loop. The mixing angle ξ can be estimated as
ξ ≈ α
4pi sin2 θW
mbmt
M2WR
(7)
Using α = 1/137, sin2 θW ≈ 0.23,mb ≈ 4.2 GeV,mt ≈ 174 GeV,MWR ≈ 3 TeV, we find
ξ ≈ 2× 10−7.
In the absence of scalar bidoublet one can not write down a Dirac mass term for fermions
including quarks and lepton. Thus, we introduce vector-like fermions so that both left-
handed and right handed fermion doublets of minimal left-right symmetric model can couple
to each other with the following interaction Lagrangian,
L ⊃ YU(QLHLUR +QRHRUL) + YD(QLH∗LDR +QRH∗RDL) +MUULUR +MDDLDR
+ YE(`LH
∗
LER + `RH
∗
REL) + YR(`LHLNR + `RHRNL) + YL(`
T
LH
∗
LNL + `
T
RH
∗
RNR)
+MEELER +M
D
NNLNR +
1
2
MMN (NLNL +NRNR) + h.c. (8)
After spontaneous symmetry breaking, the charge fermion mass matrices are given by
MuU =
 0 YUvL
Y TU vR MU
 , MdD =
 0 YDvL
Y TD vR MD
 ,
MeE =
 0 YEvL
Y TE vR ME
 . (9)
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The usual quarks get their Dirac masses via universal seesaw as follows,
Mu ≈ Y TU
1
MU
YUvLvR, ,Md ≈ Y TD
1
MD
YDvLvR (10)
and the mixing angles θL,RU are found to be
tan(2θU) ≈ 2YU
vL,RMU
M2U ± (YUvR)2
. (11)
The charged leptons get their mass as
Ml ≈ Y TE
1
ME
YEvLvR (12)
The heavy singlet neutrino mass matrix in the basis (NL, NR) can be block diagonalised to
find the physical masses (N1, N2) as NL
NR
 =
 cθ sθ
−sθ cθ
 N1
N2

where cθ ≡ cos θ, sθ ≡ sin θ while the block diagonal heavy mass matrices are MN1 =
MMN −MDN ,MN2 = MMN +MDN . After integrating out these heavy singlet neutrinos, the light
neutrino mass matrix can be written as
M6×6ν =
 ML MD
MTD MR
 (13)
where
ML
v2L
= Y TL
(
c2θ
MN1
+
s2θ
MN2
)
YL + Y
T
R
(
s2θ
MN1
+
c2θ
MN2
)
YR
+ Y TL
(
− cθsθ
MN1
+
cθsθ
MN2
)
YR + Y
T
R
(
− cθsθ
MN1
+
cθsθ
MN2
)
YL (14)
=
MD
vLvR
=
MR
v2R
. (15)
Assuming vL  vR, the light neutrino mass matrix can be written as
Mν = ML −MTD
1
MR
MD (16)
which vanishes for the above definitions of ML,MD,MR. We therefore, forbid the terms
YL(`
T
LH
∗
LNL + `
T
RH
∗
RNR) in the Lagrangian. It is easy to see that these terms violate lepton
number similar to the Majorana mass terms MMN (NLNL + NRNR). One can introduce
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additional symmetries that can forbid lepton number violating Yukawa terms but allow the
Majorana mass terms. For example, a Z4 symmetry under which both lepton doublets and
singlet leptons NL,R have same charges while the Higgs doublets are neutral can forbid the
Yukawa terms but allow the Majorana mass terms arising dynamically from a singlet scalar.
Without going into the details of such models, we study the phenomenological consequence
of such a model, where only the bilinear Majorana mass terms violate lepton number by two
units.
In such a case, the part of the Lagrangian relevant for neutrino mass is
L ⊃ Yν(`LHLNR + `RHRNL) +MDNNLNR
+
1
2
MMN (NLNL +NRNR) + h.c. (17)
The neutrino mass matrix in the basis (νL, νR ≡ N) can have three independent terms
ML = −Y Tν
1
MMN
Yνv
2
L
MR = −Y Tν
1
MMN
Yνv
2
R
MD = Y
T
ν
1
MMN
MDN
1
MMN
YνvLvR
after integrating out the heavy neutral fermions NL,R. Considering MDN = c1MMN (with c1
being a numerical constant), the neutral lepton mass matrix in the basis (νL, νR ≡ N) can
be written as
M6×6ν =
 −Y Tν 1MMN Yνv2L c1Y Tν 1MMN YνvLvR
c1Y
T
ν
1
MMN
YνvLvR −Y Tν 1MMN Yνv
2
R
 =
 ML MD
MTD MR
 (18)
In the limit ML  MD  MR, the type-I seesaw contribution to the 3 × 3 light neutrino
mass is given by
mν = ML −MTD
1
MR
MD = (1− c21)ML (19)
where, in the last step, we have used the above definitions of MD,MR to simplify
MTD
1
MR
MD = c
2
1Y
T
ν
1
MMN
Yν
(
−Y Tν
1
MMN
Yν
)−1
Y Tν
1
MMN
Yνv
2
L = −c21Y Tν
1
MMN
Yνv
2
L = c
2
1ML
We study the consequence of this for 0νββ in our subsequent analysis.
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The vector-like fermions, crucial for the implementation of the universal seesaw mecha-
nism are tightly constrained from direct searches. For example, the vector-like quark masses
have a lower limit mq ≥ 750 − 920 GeV depending on the particular channel of decay
[115, 116] whereas this bound gets relaxed to mq ≥ 400 GeV [117] for long lived vector-like
quarks. These limits however, get more uplifted by the latest analysis of the 13 TeV centre
of mass energy data from the LHC. For example, the recent analysis [118] constrains the
vector-like top quark mass to be mT > 870 − 1170 GeV depending on the weak isospin
properties of it. Further constraints on vector-like quarks can be found in [119]. The con-
straints on vector-like leptons are much weaker ml ≥ 114−176 GeV [120]. The experimental
constraints put these lower bounds not only on the vector-like fermions, but also on the new
gauge bosons of the model. The right handed gauge boson masses are primarily constrained
from K − K¯ mixing and direct searches at the LHC. While K − K¯ mixing puts a constraint
MWR > 2.5 TeV [121], direct search bounds depend on the particular channel under study.
For example, the dijet resonance search in ATLAS experiment puts a bound MWR > 2.45
TeV at 95% CL [122] in the gL = gR limit. On the other hand, the CMS search for same
sign dilepton plus dijet pp → l±l±jj mediated by heavy right handed neutrinos at 8 TeV
centre of mass energy excludes some parameter space in theM lightesti −MWR plane [33] where
M lightesti is the the mass of the lightest neutral fermion from right handed lepton doublets.
More recently, the results on dijet searches at ATLAS experiment at 13 TeV centre of mass
energy and 37 fb−1 of pp collision data have put even stronger limits on such heavy charged
gauge bosons [123].
III. 0νββ IN LRSM WITH UNIVERSAL SEESAW
In minimal left-right symmetric model with universal seesaw (MLRSM-US) with addi-
tional vector-like leptons, the Dirac as well as Majorana masses for neutral leptons arise
from Higgs fields HL and HR. The resulting seesaw contributions to neutrino masses and
their Majorana nature leads to rare process like neutrinoless double beta decay. The charge
12
current interaction Lagrangian for leptons and quarks is given by
LlepCC =
gL√
2
[ ∑
α=e,µ,τ
`α γ
µPLναW
−
Lµ + h.c.
]
+
gR√
2
[ ∑
α=e,µ,τ
`α γµPRNαW
−
Lµ + h.c.
]
,
LqCC =
[
gL√
2
dγµPLuW
−
Lµ +
gR√
2
dγµPRuW
−
Rµ + h.c.
]
,
In the present seesaw mechanism, the flavor neutrino eigenstates να ≡ νLα and Nβ ≡ νRβ
are related to mass eigenstates νi and Ni as,
να = Uαiνi + SαiNi
Nβ = Tβiνi + VβiNi
The mixing matrices U, V, S, T are given by U S
T V
 =
 1− 12RR† R
−R† 1− 1
2
R†R
 UL 0
0 UR
 (20)
such that UL, UR are the diagonalising matrices of light and heavy neutrino mass matrices
MνL ,MνR respectively. Here R = MDM
−1
R . Simplifying the above equation gives rise to
U = UL − 1
2
RR†UL, S = RUR
T = −R†UL, V = UR − 1
2
R†RUR .
Within MLRSM-US with neutral leptons να and Nβ and with negligibleWL−WR mixing,
the relevant contributions to neutrinoless double beta decay are as follows:
• due to exchange of light left-handed and keV-MeV scale right-handed neutrinos via
purely left-handed currents (WL −WL mediation),
• due to exchange of light left-handed and keV-MeV scale right-handed neutrinos via
purely right-handed currents (WR −WR mediation),
• due to mixed helicity so called λ diagrams which involves left-right neutrino mixing
through mediation of νi, Ni neutrinos,
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• due to mixed helicity η diagrams through mediation of νi, Ni neutrinos involvingWL−
WR gauge boson mixing as well as left-right neutrino mixing.
Before estimating Feynman amplitude and corresponding LNV effective Majorana mass
parameters, we should have knowledge about the chiral structure of the matrix element with
the neutrino propagator as follows,
PL
/p+mi
p2 −m2i
PL ∝ mi
p2 −m2i
, PR
/p+mi
p2 −m2i
PR ∝ mi
p2 −m2i
,
PL
/p+mi
q2 −m2i
PR ∝ /
p
p2 −m2i
, PR
/p+mi
p2 −m2i
PL ∝ /
p
p2 −m2i
,
(21)
mi
p2 −m2i
'

mi
p2
, m2i  p2
− 1
mi
m2i  p2
(22)
and
/p
p2 −m2i
∝

1
|p| , m
2
i  p2
− |p|
m2i
m2i  p2 .
(23)
A. Feynman amplitudes for different contributions to 0νββ transition
Using the notations adopted in [60], we find the amplitude for all the processes shown in
Feynman diagrams of figure 1, 2, 3, 4 that can contribute to 0νββ process. The amplitudes
for 0νββ transition as shown in Fig. 1 due to exchange of light left-handed neutrinos and
keV-MeV scale right-handed neutrinos are given by
AνLL ∝ G2F
∑
i=1,2,3
U2eimi
p2
,
ANLL ∝ G2F
∑
j=1,2,3
(
S2ejMi
p2
)
,
with p ≈ 100 MeV being the average momentum exchange for the process. In the above
expression, mi are the masses of light neutrinos for i = 1, 2, 3 and Mi are keV-MeV scale
masses for right-handed neutrinos.
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dL uL
dL uL
WL
WL
νLi
e−L
e−L
Uei
Uei
dL uL
dL uL
WL
WL
Ni
e−L
e−L
Sei
Sei
FIG. 1. Feynman diagram for 0νββ transition due to exchange of νi and Nj via purely left-handed
currents.
The contribution from the left-handed neutrinos, right-handed neutrinos and W−R ex-
change (Feynman diagram in Fig. 2) can be written as
AνRR ∝ G2F
∑
i=1,2,3
(
MWL
MWR
)4(
gR
gL
)4
T ∗2ei mi
p2
,
ANRR ∝ G2F
∑
j=1,2,3
(
MWL
MWR
)4(
gR
gL
)4 V ∗2ej Mj
p2
,
where Mi are the masses of right handed neutrinos for i = 1, 2, 3 and Mi  |p| is assumed.
The most relevant contribution from mixed helicity λ diagram as shown in Fig. 3 is given
by
Aνλ ∝ GF2
(
MWL
MWR
)2(
gR
gL
)2 ∑
i=1,2,3
Ue iT
∗
e i
1
|p| ,
ANλ ∝ GF2
∑
j=1,2,3
(
MWL
MWR
)2(
gR
gL
)2
Se jV
∗
e j
1
|p| ,
The Feynman amplitudes for the suppressed contributions from η diagram as displayed
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dR uR
dR uR
WR
WR
νLi
e−R
e−R
T ∗ei
T ∗ei
dR uR
dR uR
WR
WR
Ni
e−R
e−R
V ∗ei
V ∗ei
FIG. 2. Feynman diagram for 0νββ transition due to exchange of νi and Nj via purely right-handed
currents.
in Fig. 4 are given by
Aνη ∝ GF2
∑
i=1,2,3
(
gR
gL
)
tan ξUe iT
∗
e i
1
|p| ,
ANη ∝ GF2
∑
j=1,2,3
(
gR
gL
)
tan ξSe jV
∗
e j
1
|p| ,
B. Effective Mass Parameters
Effective Mass Parameters Analytic formula
mνee,L
∑3
i=1 U
2
e imi
mNee,L
∑3
i=1 S
2
e iMi
TABLE II. Effective Majorana mass parameters from purely left-handed currents due to exchange
of left-handed and right-handed neutrinos.
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dL uL
dR uR
WL
WR
νLi
e−L
e−R
Uei
T ∗ei
dL uL
dR uR
WL
WR
Ni
e−L
e−R
Sei
V ∗ei
FIG. 3. Feynman diagram for 0νββ transition due to exchange of νi and Nj via left-right neutrino
mixing.
Effective Mass Parameters Analytic formula
mνee,R
(
MWL
MWR
)4 (
gR
gL
)4 ∑3
i=1 T
∗2
e i mi
mNee,R
(
MWL
MWR
)4 (
gR
gL
)4 ∑3
i=1 V
∗2
e i Mi
TABLE III. Effective Majorana mass parameters from purely right-handed currents due to exchange
of left-handed and right-handed neutrinos.
Combining all the contributions, one can write down the half-life of neutrinoless double
beta decay as
1
T 0ν1/2
= G0ν01
(
|M0νν ηLν +M0νN ηLN |2 + |M0νN ηRN +M0νν ηRν |2
+ |M0νλ (ηνλ + ηNλ ) +M0νη (ηνη + ηNη )|2
)
(24)
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dL uL
dL uL
WL
WL
νLi
e−L
e−R
Uei
T ∗ei
WR
dL uL
dL uL
WL
WL
Ni
e−L
e−R
Sei
V ∗ei
WR
FIG. 4. Feynman diagram for 0νββ transition due to exchange of νi and Nj via WL −WR mixing
and left-right neutrino mixing.
Effective Mass Parameters Analytic formula
mνee,λ
(
MWL
MWR
)2 (
gR
gL
)2 ∑3
i=1 Ue iT
∗
e i |p|
mNee,λ
(
MWL
MWR
)2 (
gR
gL
)2 ∑3
j=1 Se jV
∗
e j |p|
mνee,η
(
gR
gL
) ∑3
i=1 Ue iT
∗
e i tan ξ |p|
mNee,η
(
gR
gL
) ∑3
j=1 Se jV
∗
e j tan ξ |p|
TABLE IV. Effective Majorana mass parameters due λ and η type diagrams.
where
ηLν =
∑
i
miU
2
ei
me
=
mνee,L
me
, ηRν =
(
MWL
MWR
)4(
gR
gL
)4∑
i
miT
∗2
ei
me
=
mνee,R
me
ηLN =
∑
i
S2eiMi
me
=
mNee,L
me
, ηRN =
(
MWL
MWR
)4(
gR
gL
)4∑
i
V ∗2ei Mi
me
=
mNee,R
me
ηνλ =
(
MWL
MWR
)2(
gR
gL
)2∑
i
UeiT
∗
ei =
mνee,λ
|p| , η
N
λ =
(
MWL
MWR
)2(
gR
gL
)2∑
i
SeiV
∗
ei =
mNee,λ
|p|
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Isotope G0ν01 (yr−1) M0νν ≡M0νN M0νλ ≡M0νη
Ge− 76 5.77× 10−15 2.58− 6.64 1.75− 3.76
Xe− 136 3.56× 10−14 1.57− 3.85 1.92− 2.49
TABLE V. Values of phase space factor [124] and nuclear matrix elements [125] used in the analysis
ηνη =
(
gR
gL
)
tan ξ
∑
i
UeiT
∗
ei =
mνee,η
|p| , η
N
η =
(
gR
gL
)
tan ξ
∑
i
SeiV
∗
ei =
mNee,η
|p|
Here me is the mass of electron. The effective mass parameters mν,Nee,L,R,λ,η are given in table
II, III, IV respectively. Also, the nuclear matrix elements involved are denoted by M the
numerical values of which are shown in table V. The numerical values of the phase space
factor G0ν01 are also shown in the table V for different nuclei. The nuclear matrix elements
for light and heavy neutrino exchanges are taken identical as all the neutrino masses lie in
the range M  p ∼ 100 MeV, typical momentum exchange of the process [126].
IV. LEPTON FLAVOUR VIOLATION
The new fields introduced in the model can induce LFV decays like µ→ eγ 1 through one-
loop diagrams with heavy charged vector-like leptons and the second scalar doublets in loop.
This is shown in figure 5. In the SM, such LFV decays also occur at loop level but heavily
suppressed due to the smallness of neutrino masses, far beyond the current experimental
sensitivity [110]. Therefore, any experimental observation of such rare decay processes will be
a clear indication of BSM physics. We calculate the new physics contribution to Γ(µ→ eγ)
and check for what values of new physics parameters, it can lie close to the latest bound
from the MEG collaboration is BR(µ → eγ) < 4.2 × 10−13 at 90% confidence level [110].
The usual standard model contribution with WL, νL in loop (shown in the right panel of
figure 5) is given by
BR(µ→ eγ) =
√
2G2Fm
5
µ
Γµ
|
∑
i
UµiU
∗
eiGγ
(
m2i
M2WL
)
|2 (25)
where
Γµ =
G2Fm
5
µ
192pi3
(
1− 8m
2
e
m2µ
)(
1 +
αem
2pi
(
25
4
− pi2)
)
1 For a recent review on charged lepton flavour violation, please see [87]
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l−i l
−
j
H0L,R H
0
L,R
〈H0L,R〉 〈H0L,R〉
E
γ
l−i l
−
jνL,R
W−L,R
γ
FIG. 5. Feynman diagram for charged lepton flavour violation
is the decay width of the muon and Gγ(x) is the loop function given by
Gγ(x) =
x− 6x2 + 3x3 + 2x4 − 6x3 log x
4(1− x)4
The SM contribution is very suppressed due to the smallness of neutrino masses, of the
order of 10−46. We can have three more contributions from the same diagram (right panel
of figure 3) where the particles in the loop can be νL − WR, νR − WR, νR − WL. In the
case of νL − WR, the mass of WL will be replaced by that of WR and the light neutrino
mixing matrix elements Uαi will be replaced by heavy-light neutrino mixing Tαi. Similarly,
in νR −WL case, the mass of light neutrino will be replaced by that of heavy neutrino Mi
and he light neutrino mixing matrix elements Uαi will be replaced by the light heavy mixing
Sαi. On the other hand, the diagram with νR(≡ N) −WR in the loop, we need to do the
substitutions: U → V,mi → Mi,MWL → MWR . For all these cases, the contribution to
BR(µ → eγ) does not come anywhere close to the latest MEG bound. If we use the heavy
neutrino mass around a keV-MeV, and WR mass at a few TeV, we can get a few order of
magnitudes enhancement compared to the SM prediction, but still remains much below the
experimental sensitivity.
On the other hand, the diagram on the left panel of figure 5 does not give any contribution
as the flavour basis is identical to mass basis. This is due to the fact that the same couplings
are involved in the mass of charged leptons.
20
V. NUMERICAL ANALYSIS
As discussed in section II, we need to choose MDN 6= MMN in order to have non-vanishing
light neutrino masses. For simplicity, we considerMDN andMMN to be equal upto a numerical
factor c1. In this case, the light neutrino mass formula can be written as
mν = (1− c21)ML
This also gives rise to the same diagonalising matrices for both light and heavy neutrino
mass matrices UL = UR. In such a case, the matrices U, S, T, V can be written as
U = UL − 1
2
RR†UL = UL − |c1|
2
2
(
vL
vR
)2
UL where R = MDM−1R = c1
vL
vR
,
S = RUR = c1
vL
vR
UR, T = −R†UL = −c∗1
vL
vR
UL,
V = UR − 1
2
R†RUR = UR − |c1|
2
2
(
vL
vR
)2
UR.
Now, UL can be parametrised as the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) leptonic
mixing matrix
UPMNS = U
†
l UL (26)
if the charged lepton mass matrix is diagonal or equivalently, Ul = I. The PMNS mixing
matrix can be parametrised as
UPMNS =

c12c13 s12c13 s13e
−iδ
−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
UMaj (27)
where cij = cos θij, sij = sin θij and δ is the leptonic Dirac CP phase. The diagonal matrix
UMaj = diag(1, eiα, ei(β+δ)) contains the Majorana CP phases α, β which remain undeter-
mined at neutrino oscillation experiments. The light neutrino masses that appear in the
0νββ half-life can be written in terms of the lightest neutrino mass and the experimentally
measured mass squared differences. For normal hierarchy, the diagonal mass matrix of the
light neutrinos can be written as
mdiagν = diag(m1,
√
m21 + ∆m
2
21,
√
m21 + ∆m
2
31)
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whereas for inverted hierarchy it can be written as
mdiagν = diag(
√
m23 + ∆m
2
23 −∆m221,
√
m23 + ∆m
2
23,m3)
The heavy neutrino masses are related to the light neutrinos as
Mi =
v2R
v2L
1
1− c21
mi . (28)
Thus, once we choose the scale of left-right symmetry or vR, we can calculate the new physics
contributions to 0νββ by varying the lightest neutrino mass, the CP phases for different
values of c1. The other parameters like the mixing angles and mass squared differences can
be varied in their 3σ global fit range given in table VI.
Parameters Normal Hierarchy (NH) Inverted Hierarchy (IH)
∆m221
10−5eV2 7.03− 8.09 7.02− 8.09
|∆m231|
10−3eV2 2.407− 2.643 2.399− 2.635
sin2 θ12 0.271− 0.345 0.271− 0.345
sin2 θ23 0.385− 0.635 0.393− 0.640
sin2 θ13 0.01934− 0.02392 0.01953− 0.02408
δ 0− 2pi 0− 2pi
TABLE VI. Global fit 3σ values of neutrino oscillation parameters [111].
A. 0νββ with MWR = 3.0 TeV
In the scenario where MWR ≈ 3.0 TeV, all possible new physics contribution (apart from
the usual light neutrino one in the SM) to 0νββ decay effective mass can be there, among
which the contribution from λ diagrams could be very large if the parameter c1 is of order
unity. The λ−diagram with c1 = 10−5, |p| ' 100 MeV, MWR ' 3.0 TeV and gL = gR is
estimated to be,
|mνee,λ| =
(
MWL
MWR
)2 ∣∣∣∣ 3∑
i=1
c1UeiU
∗
ei|p|
vL
vR
∣∣∣∣ ≈ 0.0189 eV . (29)
Here we ignoring a factor (1 − 1
2
|c1|2
(
vL
vR
)2
) that appears in the definition of U, V as men-
tioned earlier. This can clearly saturate the experimental bound from the KamLAND-Zen
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FIG. 6. New physics contribution to effective neutrino mass relevant for 0νββ as a function of
lightest neutrino masses forMWR = 3 TeV, c1 = 10
−5. The region corresponding tomee ∈ (61−165)
meV set as upper bound from KamLAND-ZEN data [107] is shaded. We also show the limit from
Planck mission data as
∑
imi < 0.17 eV [112] on lightest neutrino mass by the vertical solid black
line so that the region towards the right of this line are disfavoured.
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FIG. 7. New physics contribution to effective neutrino mass relevant for 0νββ as a function of
lightest neutrino masses forMWR = 50 TeV, c1 = 0.1. The region corresponding tomee ∈ (61−165)
meV set as upper bound from KamLAND-ZEN data [107] is shaded. We also show the limit from
Planck mission data as
∑
imi < 0.17 eV [112] on lightest neutrino mass by the vertical solid black
line so that the region towards the right of this line are disfavoured.
experiment on effective neutrino mass mee < 61−165 meV [107] as well as the corresponding
lower limit on half-life, if c1 is chosen to be one order of magnitude larger. We get similar
contribution to mNee,λ as well for such benchmark points. It is straightforward to see that for
such small values of c1 the η diagram contributions namely mνee,η,mNee,η remain suppressed
further due to the WL −WR mixing parameter ξ ≤ 10−7. The WR −WR contribution also
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FIG. 8. Contribution to neutrinoless double beta decay half-life for MWR = 50 TeV, c1 ∈ (0, 0.99)
and 3σ values of neutrino oscillation parameters for normal hierarchy (NH) and for inverted hierar-
chy (IH), respectively. The region disfavoured by KamLAND-Zen limit on half-life T 0ν1/2 > 1.07×1026
yr [107] is shaded. We also show the limit from Planck mission data as
∑
imi < 0.17 eV [112] on
lightest neutrino mass by the vertical solid black line so that the region towards the right of this
line are disfavoured.
remains suppressed for this benchmark point. For example, the light neutrino mediated
WR −WR diagram contribution
|mνee,R| ≈
(
MWL
MWR
)4 ∣∣∣∣ 3∑
i=1
c21U
∗
eiU
∗
eimi
(
vL
vR
)2 ∣∣∣∣ (30)
remains suppressed compared to the light neutrino contribution |mνee,L| approximately by
an additional factor
(
MWL
MWR
)4
c21
(
vL
vR
)2
making it vanishingly small. The heavy neutrino
mediated WR −WR diagram contribution
|mNee,R| ≈
(
MWL
MWR
)4 ∣∣∣∣ 3∑
i=1
[
1− 1
2
|c1|2
(
vL
vR
)2 ]
U∗eiU
∗
eiMi
∣∣∣∣ (31)
can be sizeable, but remains suppressed compared to the light neutrino ones for the chosen
benchmark. These contributions are shown in figure 6 for both normal and inverted hierarchy
of light neutrino masses.
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B. 0νββ with MWR around 50 TeV
WithMWR ' 50 TeV which corresponds to heavy neutrino masses as large asMi ≈ MeV,
the new physics contributions to 0νββ decay effective mass could originate from both λ and η
diagrams. While theWR−WR mediated processes remain very much suppressed due to heavy
WR, one can still have sizeable WL −WL mediated diagram mediated by heavy neutrinos.
For a chosen benchmark c1 = 0.1, the λ and η diagram contributions (corresponding to light
neutrinos) can be estimated to be
|mνee,λ| ≈
(
MWL
MWR
)2 ∣∣∣∣ 3∑
i=1
c1UeiU
∗
ei|p|
vL
vR
∣∣∣∣ ≈ 0.04096 eV , (32)
|mνee,η| ≈
∣∣∣∣ 3∑
i=1
c1UeiU
∗
ei tan ξ|p|
vL
vR
∣∣∣∣ ≈ 0.0016 eV . (33)
On the other hand, the heavy neutrino mediated WL −WL diagram
|mNee,R| ≈
∣∣∣∣ 3∑
i=1
c21U
2
eiMi
(
vL
vR
)2 ∣∣∣∣ (34)
remains suppressed by a factor c21
(
vL
vR
)2
Mi/mi = c
2
1
1
1−c21 ≈ 10
−2 compared to light neu-
trino contribution. These contributions are shown in figure 7 for both normal and inverted
hierarchy of light neutrino masses.
We finally add all the contribution to 0νββ half-life given in equation (24) by fixing
MWR = 50 TeV and varying other parameters randomly. For our analysis, apart from the
light neutrino oscillation parameters: two mass squared differences, three mixing angle, three
phases, we have only three free parameters namely, MWR , c1,mlightest ≡ m1,3. After fixing
MWR , we vary c1 randomly in the range (0, 0.99) and calculate the half-life as a function
of mlightest ≡ m1,3 for normal and inverted hierarchy of light neutrino masses. The result
is shown in figure 8 in comparison to KamLAND-Zen limit on half-life T 0ν1/2 > 1.07 × 1026
yr [107] and Planck bound
∑
imi < 0.17 eV [112]. It is interesting to note that the new
physics contribution can saturate the KamLAND-ZEN bound for lightest neutrino mass as
low as m3 ∼ 10−4 eV for inverted hierarchy even when the new physics scale or the scale of
left-right symmetry is beyond the reach of any ongoing or near future collider experiments.
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FIG. 9. Allowed parameter space from the constraints on 0νββ, generated from a random scan
for one million points in the range MWR ∈ (3 TeV, 107 TeV), c1 ∈ (10−5, 0.99), mlightest ∈
(10−5 eV, 0.1 eV).
C. Full parameter scan for 0νββ
After showing the new physics contribution to 0νββ for a few benchmark values, we
perform a complete scan of parameter space for hundred thousand points and constrain
the parameters from the requirement of satisfying the latest bounds from 0νββ half-life
T 0ν1/2 > 1.07 × 1026 yr [107] and Planck bound
∑
imi < 0.17 eV [112]. We vary the light
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neutrino parameters in their 3σ range given in table VI, vary the lightest neutrino mass as
mlightest ∈ (10−5 eV, 0.1 eV) and also vary the new physics parameters randomly in the
following ranges
MWR ∈ (3 TeV, 107 TeV), c1 ∈ (10−5, 0.99).
The resulting parameter space is shown for both the hierarchies of light neutrino masses
in figure 9. It is interesting to see that the parameter c1 is allowed to take almost any
value in the chosen range, provided the values for MWR ,MN are correctly chosen. This
is in contrast with what we found in the analysis for effective neutrino mass for different
new physics contribution. In that analysis, while referring to figure 6, we concluded that
for MWR = 3 TeV, the parameter c1 has to be kept very small (≤ 10−5) in order to keep
the λ diagram contribution within allowed range. However, as the contribution to half-life
T 0ν1/2 comes from sum over all possible contributions, as shown in equation (24), such large
contributions from individual diagrams can interfere destructively with others in order to
keep the total decay rate or half-life within experimental limits. Although the values of c1
are quite homogeneously distributed across the bands in figure 9, the scattered points at the
uppermost parts of these bands correspond to c1 values very close to 0.99, the upper limit
chosen for the scan. This is because only such values of c1 corresponds to very large values
of right handed neutrino mass for a given MWR due to the additional enhancement coming
from the 1/(1− c21) factor in the definition of right handed neutrino mass, discussed before.
The gap between the high mass and low mass regimes of right handed neutrinos arise due
to the supernova bounds which we discuss in the next section.
VI. CONSTRAINTS FROM COSMOLOGY AND SUPERNOVA
Since there exists the possibility of very light right handed neutrinos in the keV scale,
such a scenario can be constrained from cosmology as well as astrophysical observations.
Cosmological implications for sterile neutrinos with masses from eV scale to GeV-TeV scale
are well described in the recent review [128]. Here we focus only on the eV-keV range
as the above analysis was primarily focussed on generating sterile neutrino masses in this
range. Due to gauge interactions, such keV neutrinos can be thermally produced in the
early Universe and can contribute to the effective relativistic degrees of freedom. Such extra
relativistic degrees of freedom may affect the big bang nucleosynthesis (BBN) predictions as
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well as cause changes in the cosmic microwave background (CMB) spectrum. Planck 2015
data put constraints on this as Neff = 3.15 ± 0.23 [112] while the 2018 data from Planck
collaboration makes this bound stronger Neff = 2.99 ± 0.17 [129] at 68% CL. Using these
bounds, one can constrain the gauge interactions of the light sterile neutrinos. The gauge
interactions for such a light keV neutrino can be written as (shown earlier)
LlepCC =
gL√
2
[ ∑
α=e,µ,τ
`α γ
µPLναW
−
Lµ + h.c.
]
+
gR√
2
[ ∑
α=e,µ,τ
`α γµPRNαW
−
Lµ + h.c.
]
,
LlepNC =
e
2 sin θW cos θW
[Jµ1 ZLµ + J
µ
2 ZRµ] ,
where (ignoring left-right gauge mixing)
Jµ1 =
∑
α=e,µ,τ
(να Nα)γ
µ
[
A1LPL + A
1
RPR
]
(να Nα)
T ,
Jµ2 =
∑
α=e,µ,τ
(να Nα)γ
µ
[
A2LPL + A
2
RPR
]
(να Nα)
T ,
A1L = 2T
L
3ν , A
1
R = 0, A
2
L =
2 sin2 θW√
cos 2θW
TL3ν , A
2
R =
2 cos2 θW√
cos 2θW
TR3N .
Since light active neutrinos decouple from the rest of the Universe around the BBN epoch
(TDν ∼ O(MeV)), light right handed neutrinos can possibly evade BBN bounds if they
decouple much earlier so that TDN > TDν . The N contribution to Neff gets diluted due to the
decrease in effective relativistic degrees of freedom g∗ as the Universe cools down from TDN
to TDν :
Neff ≈ 3 + 3
(
g∗(TDν )
g∗(TDN )
) 4
3
Since g∗(TDν ) = 10.75 for the relativistic degrees of freedom in SM at T = TDν ≈ 1 MeV, the
right handed neutrinos can evade the Planck 2018 bound if g∗(TDνR) > 125, which is possible
only when the corresponding decoupling temperature is more than the electroweak scale.
The decoupling temperature of right handed neutrinos can be calculated by following the
same procedure for left handed neutrinos and replacing the WL mass with WR. In terms of
TDν , it can be written as
TDN ≈ (g∗(TDN )1/6
(
MWR
MWL
)4/3
TDν
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Demanding TDN > 200 GeV and taking TDν ≈ 1 MeV, we can arrive at the bound on MWR as
MWR > 418 TeV (35)
Please note that such bounds can be made weaker by including higher CL bounds on Neff
(as well as different datasets) as shown in [112, 129]. For example, taking the upper bound
as Neff < 3.7, gives a bound on WR gauge boson as
MWR > 4.3 TeV (36)
which lies closer to the reach of collider experiments.
Apart from cosmology, we can constrain such light sterile neutrinos from supernova data
as well. If a sterile or right handed neutrino is produced inside the core of a star, it can
escape the core resulting in rapid cooling which can be in contradiction with observations.
Such a sterile neutrino can be produced either directly in scattering or through active-sterile
oscillations. Direct production of sterile neutrino through scattering σ(νX → NX) =
Aσ(νX → νX) (where X ≡ e, p, n) is constrained by such observations and rules out the
parameter A in the range 10−4 . A . 10−1 [130]. In the model such scattering can happen
wither through active-sterile mixing or through left-right gauge mixing. Since the left-right
gauge mixing is already very small, as mentioned earlier, we use this bound to constrain the
active-sterile mixing. The same active-sterile mixing is also constrained by using the bounds
on sterile neutrino production from oscillations inside the core [131, 132]. Such bounds rule
out the active-sterile neutrino mixing in the range [131]
7× 10−10 . sin2 θνN . 2× 10−2 for ∆m2Nν & 2× 109 eV2,
5× 104 eV2 . |∆m2Nν sin 2θνN | . 3× 108 eV2 for ∆m2Nν . 2× 109 eV2.
Here θνN ,∆m2Nν are active-sterile mixing angle and mass squared difference respectively.
As pointed out by [131], these bounds do not apply if all the right handed neutrinos have
masses below 200 eV. We use these constraints to find the allowed parameter space of the
model. The resulting parameter space from all the constraints are shown in figure 9. As
pointed out before, the gap between scattered points in high mass regime of right handed
neutrinos and that in the low mass regime arises due to the supernova bounds that apply
differently in high and low mass regime. The low mass regime for right handed neutrinos in
figure 9 arises as the supernova bounds do not apply there.
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VII. SUMMARY AND CONCLUSION
We have studied the new physics contribution to neutrinoless double beta decay and
charged lepton flavour violation in a minimal left-right symmetric model where all the
fermions acquire masses through a universal seesaw mechanism. Due to different ways
of generating fermion mass and breaking the left-right gauge symmetry all the way down
to the SM one, the leading contributions to 0νββ and LFV decay are very different in this
model, in comparison to the usual LRSM with type I and type II seesaw for neutrino masses.
One interesting feature of this model is the presence of light right handed neutrinos in the
keV-MeV range, even if the scale of the theory is as high as 107 TeV, by virtue of a universal
seesaw framework. Since the heavy neutrinos have masses lighter than typical momentum
exchange of 0νββ process, their contributions to 0νββ becomes different compared to the
usual LRSM with much heavier right handed neutrinos. We identify all possible diagrams
contributing to 0νββ in this model and find that the dominant individual contribution can
also come from the diagrams with light-heavy neutrino mixing apart from the purely left
and purely right handed diagrams. However, when we combine all the contributions, the
heavy-light mixing contribution vanishes due to unitarity of the total mass matrix. For
certain choices of parameters, the model predictions can saturate the current experimental
bounds on 0νββ. This offers a very interesting probe of such high scale LRSM which may
not be directly accessible at collider experiments, due to poor sensitivity to very light right
handed neutrinos. We also check the possible sources of charged lepton flavour violating
decay µ → eγ which is tightly constrained from present experimental data. We find that
the charged gauge boson plus neutral fermion mediated diagrams to this process remain
suppressed for all region of parameter space. We also derive the bounds from BBN, CMB
constraints on effective relativistic degrees of freedom and shown that the model parameters
can be consistent with them (even for TeV scale WR and sub-MeV right handed neutrinos)
if we apply the least conservative bounds on Neff . The supernova bounds can however be
very strict and can rule out some part of the existing parameter space, as shown in figure 9.
The model also can have very interesting cosmological signatures due to the existence of
light right handed neutrinos. For example, a keV scale right handed neutrino could be long
lived enough to play the role of warm dark matter [133, 134]. However, such a long-lived keV
neutrino is usually overproduced as shown in these works and require additional mechanism
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like entropy dilution [135] to satisfy the relic. Although there exists several other particles
like heavier right handed neutrinos that can play the role of diluters, the requirement of
correct dilution constrains the masses and couplings of such diluters severely [133, 134] and
we leave such combined analysis to future works.
Since the right and left handed neutrino masses are proportional to each other, such a eV
scale right handed neutrino may arise if the lightest left handed neutrino mass is vanishingly
small. Such a situation will not only be interesting for neutrino oscillation experiments like
MiniBooNE [136], but will also constrain the WR mass in order to satisfy the Planck bound
on Neff [97, 99]. If the right handed neutrinos are in the sub GeV regime, they can also
play a role in creating baryon asymmetry through neutrino oscillations [137]. We leave such
studies in this particular model for future works.
ACKNOWLEDGMENTS
The authors would like to thank the organisers of the discussion meeting Candles of
Darkness (ICTS/Prog-candark/2017/06) at the International Centre for Theoretical
Sciences, Bangalore, India during June 5-9, 2017 for support and hospitality where part of
this work was completed.
[1] Particle Data Group Collaboration, C. Patrignani et al., Review of Particle Physics,
Chin. Phys. C40 (2016), no. 10 100001.
[2] J. C. Pati and A. Salam, Lepton Number as the Fourth Color, Phys.Rev. D10 (1974)
275–289.
[3] R. Mohapatra and J. C. Pati, A Natural Left-Right Symmetry, Phys.Rev. D11 (1975) 2558.
[4] G. Senjanović and R. N. Mohapatra, Exact Left-Right Symmetry and Spontaneous Violation
of Parity, Phys.Rev. D12 (1975) 1502.
[5] W.-Y. Keung and G. Senjanović, Majorana Neutrinos and the Production of the
Right-handed Charged Gauge Boson, Phys.Rev.Lett. 50 (1983) 1427.
[6] A. Ferrari, J. Collot, M.-L. Andrieux, B. Belhorma, P. de Saintignon, J.-Y. Hostachy,
P. Martin, and M. Wielers, Sensitivity study for new gauge bosons and right-handed
31
Majorana neutrinos in pp collisions at s = 14-TeV, Phys. Rev. D62 (2000) 013001.
[7] M. Schmaltz and C. Spethmann, Two Simple W’ Models for the Early LHC, JHEP 07
(2011) 046, [arXiv:1011.5918].
[8] M. Nemevsek, F. Nesti, G. Senjanovic, and Y. Zhang, First Limits on Left-Right Symmetry
Scale from LHC Data, Phys. Rev. D83 (2011) 115014, [arXiv:1103.1627].
[9] C.-Y. Chen and P. S. B. Dev, Multi-Lepton Collider Signatures of Heavy Dirac and
Majorana Neutrinos, Phys. Rev. D85 (2012) 093018, [arXiv:1112.6419].
[10] J. Chakrabortty, J. Gluza, R. Sevillano, and R. Szafron, Left-Right Symmetry at LHC and
Precise 1-Loop Low Energy Data, JHEP 07 (2012) 038, [arXiv:1204.0736].
[11] S. Das, F. Deppisch, O. Kittel, and J. Valle, Heavy Neutrinos and Lepton Flavour Violation
in Left-Right Symmetric Models at the LHC, Phys.Rev. D86 (2012) 055006,
[arXiv:1206.0256].
[12] J. A. Aguilar-Saavedra and F. R. Joaquim, Measuring heavy neutrino couplings at the LHC,
Phys. Rev. D86 (2012) 073005, [arXiv:1207.4193].
[13] T. Han, I. Lewis, R. Ruiz, and Z.-g. Si, Lepton Number Violation and W ′ Chiral Couplings
at the LHC, Phys. Rev. D87 (2013), no. 3 035011, [arXiv:1211.6447]. [Erratum: Phys.
Rev.D87,no.3,039906(2013)].
[14] C.-Y. Chen, P. S. B. Dev, and R. N. Mohapatra, Probing Heavy-Light Neutrino Mixing in
Left-Right Seesaw Models at the LHC, Phys. Rev. D88 (2013) 033014, [arXiv:1306.2342].
[15] T. G. Rizzo, Exploring new gauge bosons at a 100 TeV collider, Phys. Rev. D89 (2014),
no. 9 095022, [arXiv:1403.5465].
[16] F. F. Deppisch, T. E. Gonzalo, S. Patra, N. Sahu, and U. Sarkar, Double beta decay, lepton
flavor violation, and collider signatures of left-right symmetric models with spontaneous
D-parity breaking, Phys. Rev. D91 (2015), no. 1 015018, [arXiv:1410.6427].
[17] F. F. Deppisch, P. S. Bhupal Dev, and A. Pilaftsis, Neutrinos and Collider Physics, New J.
Phys. 17 (2015), no. 7 075019, [arXiv:1502.06541].
[18] J. Gluza and T. Jelinski, Heavy neutrinos and the pp→lljj CMS data, Phys. Lett. B748
(2015) 125–131, [arXiv:1504.05568].
[19] J. N. Ng, A. de la Puente, and B. W.-P. Pan, Search for Heavy Right-Handed Neutrinos at
the LHC and Beyond in the Same-Sign Same-Flavor Leptons Final State, JHEP 12 (2015)
172, [arXiv:1505.01934].
32
[20] S. Patra, F. S. Queiroz, and W. Rodejohann, Stringent Dilepton Bounds on Left-Right
Models using LHC data, Phys. Lett. B752 (2016) 186–190, [arXiv:1506.03456].
[21] B. A. Dobrescu and Z. Liu, WR Boson near 2 TeV: Predictions for Run 2 of the LHC, Phys.
Rev. Lett. 115 (2015), no. 21 211802, [arXiv:1506.06736].
[22] J. Brehmer, J. Hewett, J. Kopp, T. Rizzo, and J. Tattersall, Symmetry Restored in Dibosons
at the LHC?, JHEP 10 (2015) 182, [arXiv:1507.00013].
[23] P. S. Bhupal Dev and R. N. Mohapatra, Unified explanation of the eejj, diboson and dijet
resonances at the LHC, Phys. Rev. Lett. 115 (2015), no. 18 181803, [arXiv:1508.02277].
[24] P. Coloma, B. A. Dobrescu, and J. Lopez-Pavon, Right-handed neutrinos and the 2 TeV W ′
boson, Phys. Rev. D92 (2015), no. 11 115023, [arXiv:1508.04129].
[25] F. F. Deppisch, L. Graf, S. Kulkarni, S. Patra, W. Rodejohann, N. Sahu, and U. Sarkar,
Reconciling the 2 TeV excesses at the LHC in a linear seesaw left-right model, Phys. Rev.
D93 (2016), no. 1 013011, [arXiv:1508.05940].
[26] P. S. B. Dev, D. Kim, and R. N. Mohapatra, Disambiguating Seesaw Models using Invariant
Mass Variables at Hadron Colliders, JHEP 01 (2016) 118, [arXiv:1510.04328].
[27] S. Mondal and S. K. Rai, Polarized window for left-right symmetry and a right-handed
neutrino at the Large Hadron-Electron Collider, Phys. Rev. D93 (2016), no. 1 011702,
[arXiv:1510.08632].
[28] J. A. Aguilar-Saavedra and F. R. Joaquim, Multiboson production in W ′ decays, JHEP 01
(2016) 183, [arXiv:1512.00396].
[29] M. Lindner, F. S. Queiroz, and W. Rodejohann, Dilepton bounds on left-right symmetry at
the LHC run II and neutrinoless double beta decay, Phys. Lett. B762 (2016) 190–195,
[arXiv:1604.07419].
[30] M. Lindner, F. S. Queiroz, W. Rodejohann, and C. E. Yaguna, Left-Right Symmetry and
Lepton Number Violation at the Large Hadron Electron Collider, JHEP 06 (2016) 140,
[arXiv:1604.08596].
[31] M. Mitra, R. Ruiz, D. J. Scott, and M. Spannowsky, Neutrino Jets from High-Mass WR
Gauge Bosons in TeV-Scale Left-Right Symmetric Models, Phys. Rev. D94 (2016), no. 9
095016, [arXiv:1607.03504].
[32] G. Anamiati, M. Hirsch, and E. Nardi, Quasi-Dirac neutrinos at the LHC, JHEP 10 (2016)
010, [arXiv:1607.05641].
33
[33] CMS Collaboration, V. Khachatryan et al., Search for heavy neutrinos and W bosons with
right-handed couplings in proton-proton collisions at
√
s = 8TeV, Eur.Phys.J. C74 (2014)
3149, [arXiv:1407.3683].
[34] ATLAS Collaboration, G. Aad et al., Search for heavy Majorana neutrinos with the
ATLAS detector in pp collisions at
√
s = 8 TeV, JHEP 07 (2015) 162, [arXiv:1506.06020].
[35] CMS Collaboration, V. Khachatryan et al., Search for heavy neutrinos or third-generation
leptoquarks in final states with two hadronically decaying tau leptons and two jets in
proton-proton collisions at sqrt(s) = 13 TeV, arXiv:1612.01190.
[36] J. F. Gunion, J. Grifols, A. Mendez, B. Kayser, and F. I. Olness, Higgs Bosons in Left-Right
Symmetric Models, Phys. Rev. D40 (1989) 1546.
[37] N. G. Deshpande, J. F. Gunion, B. Kayser, and F. I. Olness, Left-right symmetric
electroweak models with triplet Higgs, Phys. Rev. D44 (1991) 837–858.
[38] J. Polak and M. Zralek, Higgs sector influence on left-right symmetric model parameters,
Phys. Lett. B276 (1992) 492–496.
[39] G. Barenboim, M. Gorbahn, U. Nierste, and M. Raidal, Higgs sector of the minimal
left-right symmetric model, Phys. Rev. D65 (2002) 095003, [hep-ph/0107121].
[40] G. Azuelos, K. Benslama, and J. Ferland, Prospects for the search for a doubly-charged
Higgs in the left-right symmetric model with ATLAS, J. Phys. G32 (2006), no. 2 73–91,
[hep-ph/0503096].
[41] D.-W. Jung and K. Y. Lee, Production of the charged Higgs bosons at the CERN Large
Hadron Collider in the left-right symmetric model, Phys. Rev. D78 (2008) 015022,
[arXiv:0802.1572].
[42] G. Bambhaniya, J. Chakrabortty, J. Gluza, M. Kordiaczynska, and R. Szafron, Left-Right
Symmetry and the Charged Higgs Bosons at the LHC, JHEP 05 (2014) 033,
[arXiv:1311.4144].
[43] B. Dutta, R. Eusebi, Y. Gao, T. Ghosh, and T. Kamon, Exploring the doubly charged Higgs
boson of the left-right symmetric model using vector boson fusionlike events at the LHC,
Phys. Rev. D90 (2014) 055015, [arXiv:1404.0685].
[44] G. Bambhaniya, J. Chakrabortty, J. Gluza, T. Jelinski, and M. Kordiaczynska, Lowest
limits on the doubly charged Higgs boson masses in the minimal left-right symmetric model,
Phys. Rev. D90 (2014), no. 9 095003, [arXiv:1408.0774].
34
[45] G. Bambhaniya, J. Chakrabortty, J. Gluza, T. Jelinski, and R. Szafron, Search for doubly
charged Higgs bosons through vector boson fusion at the LHC and beyond, Phys. Rev. D92
(2015), no. 1 015016, [arXiv:1504.03999].
[46] P. S. B. Dev, R. N. Mohapatra, and Y. Zhang, Probing the Higgs Sector of the Minimal
Left-Right Symmetric Model at Future Hadron Colliders, JHEP 05 (2016) 174,
[arXiv:1602.05947].
[47] ATLAS Collaboration, G. Aad et al., Search for anomalous production of prompt same-sign
lepton pairs and pair-produced doubly charged Higgs bosons with
√
s = 8 TeV pp collisions
using the ATLAS detector, JHEP 03 (2015) 041, [arXiv:1412.0237].
[48] CMS Collaboration, C. Collaboration, Search for a doubly-charged Higgs boson with
√
s = 8 TeV pp collisions at the CMS experiment, .
[49] ATLAS Collaboration, T. A. collaboration, Search for doubly-charged Higgs bosons in
same-charge electron pair final states using proton-proton collisions at
√
s = 13TeV with the
ATLAS detector, .
[50] R. N. Mohapatra and G. Senjanović, Neutrino Masses and Mixings in Gauge Models with
Spontaneous Parity Violation, Phys.Rev. D23 (1981) 165.
[51] R. N. Mohapatra and J. D. Vergados, A New Contribution to Neutrinoless Double Beta
Decay in Gauge Models, Phys. Rev. Lett. 47 (1981) 1713–1716.
[52] C. E. Picciotto and M. S. Zahir, Neutrinoless Double Beta Decay in Left-right Symmetric
Models, Phys. Rev. D26 (1982) 2320.
[53] M. Hirsch, H. V. Klapdor-Kleingrothaus, and O. Panella, Double beta decay in left-right
symmetric models, Phys. Lett. B374 (1996) 7–12, [hep-ph/9602306].
[54] SuperNEMO Collaboration, R. Arnold et al., Probing New Physics Models of Neutrinoless
Double Beta Decay with SuperNEMO, Eur. Phys. J. C70 (2010) 927–943,
[arXiv:1005.1241].
[55] V. Tello, M. Nemevsek, F. Nesti, G. Senjanovic, and F. Vissani, Left-Right Symmetry: from
LHC to Neutrinoless Double Beta Decay, Phys. Rev. Lett. 106 (2011) 151801,
[arXiv:1011.3522].
[56] J. Chakrabortty, H. Z. Devi, S. Goswami, and S. Patra, Neutrinoless double-β decay in TeV
scale Left-Right symmetric models, JHEP 08 (2012) 008, [arXiv:1204.2527].
35
[57] M. Nemevsek, G. Senjanovic, and V. Tello, Connecting Dirac and Majorana Neutrino Mass
Matrices in the Minimal Left-Right Symmetric Model, Phys. Rev. Lett. 110 (2013), no. 15
151802, [arXiv:1211.2837].
[58] S. Patra, Neutrinoless double beta decay process in left-right symmetric models without
scalar bidoublet, Phys.Rev. D87 (2013), no. 1 015002, [arXiv:1212.0612].
[59] R. L. Awasthi, M. Parida, and S. Patra, Neutrino masses, dominant neutrinoless double beta
decay, and observable lepton flavor violation in left-right models and SO(10) grand
unification with low mass WR, ZR bosons, JHEP 1308 (2013) 122, [arXiv:1302.0672].
[60] J. Barry and W. Rodejohann, Lepton number and flavour violation in TeV-scale left-right
symmetric theories with large left-right mixing, JHEP 09 (2013) 153, [arXiv:1303.6324].
[61] P. Bhupal Dev, S. Goswami, M. Mitra, and W. Rodejohann, Constraining Neutrino Mass
from Neutrinoless Double Beta Decay, Phys.Rev. D88 (2013) 091301, [arXiv:1305.0056].
[62] W.-C. Huang and J. Lopez-Pavon, On neutrinoless double beta decay in the minimal
left-right symmetric model, Eur. Phys. J. C74 (2014) 2853, [arXiv:1310.0265].
[63] P. S. Bhupal Dev, S. Goswami, and M. Mitra, TeV Scale Left-Right Symmetry and Large
Mixing Effects in Neutrinoless Double Beta Decay, Phys. Rev. D91 (2015), no. 11 113004,
[arXiv:1405.1399].
[64] S.-F. Ge, M. Lindner, and S. Patra, New physics effects on neutrinoless double beta decay
from right-handed current, JHEP 10 (2015) 077, [arXiv:1508.07286].
[65] D. Borah and A. Dasgupta, Neutrinoless Double Beta Decay in Type I+II Seesaw Models,
JHEP 11 (2015) 208, [arXiv:1509.01800].
[66] R. L. Awasthi, P. S. B. Dev, and M. Mitra, Implications of the Diboson Excess for
Neutrinoless Double Beta Decay and Lepton Flavor Violation in TeV Scale Left Right
Symmetric Model, Phys. Rev. D93 (2016), no. 1 011701, [arXiv:1509.05387].
[67] M. Horoi and A. Neacsu, Analysis of mechanisms that could contribute to neutrinoless
double-beta decay, Phys. Rev. D93 (2016), no. 11 113014, [arXiv:1511.00670].
[68] G. Bambhaniya, P. S. B. Dev, S. Goswami, and M. Mitra, The Scalar Triplet Contribution
to Lepton Flavour Violation and Neutrinoless Double Beta Decay in Left-Right Symmetric
Model, JHEP 04 (2016) 046, [arXiv:1512.00440].
[69] P.-H. Gu, Neutrinoless double beta decay in the left-right symmetric models for linear
seesaw, JHEP 09 (2016) 152, [arXiv:1512.01119].
36
[70] D. Borah and A. Dasgupta, Charged lepton flavour violation and neutrinoless double beta
decay in left-right symmetric models with type I+II seesaw, JHEP 07 (2016) 022,
[arXiv:1606.00378].
[71] R. L. Awasthi, A. Dasgupta, and M. Mitra, Limiting the effective mass and new physics
parameters from 0νββ, Phys. Rev. D94 (2016), no. 7 073003, [arXiv:1607.03835].
[72] J. Heeck and S. Patra, Minimal Left-Right Symmetric Dark Matter, Phys. Rev. Lett. 115
(2015), no. 12 121804, [arXiv:1507.01584].
[73] S. Patra, Dark matter, lepton and baryon number, and left-right symmetric theories, Phys.
Rev. D93 (2016), no. 9 093001, [arXiv:1512.04739].
[74] D. Borah, S. Patra, and S. Sahoo, Subdominant left-right scalar dark matter as origin of the
750 GeV di-photon excess at LHC, Int. J. Mod. Phys. A31 (2016), no. 17 1650097,
[arXiv:1601.01828].
[75] D. Borah, A. Dasgupta, and S. Patra, Common Origin of 3.55 keV X-ray line and Gauge
Coupling Unification with Left-Right Dark Matter, arXiv:1604.01929.
[76] D. Borah, A. Dasgupta, U. K. Dey, S. Patra, and G. Tomar, Multi-component Fermionic
Dark Matter and IceCube PeV scale Neutrinos in Left-Right Model with Gauge Unification,
arXiv:1704.04138.
[77] S. Patra and S. Rao, Singlet fermion Dark Matter within Left-Right Model, Phys. Lett.
B759 (2016) 454–458, [arXiv:1512.04053].
[78] Riazuddin, R. E. Marshak, and R. N. Mohapatra, Majorana Neutrinos and Low-energy
Tests of Electroweak Models, Phys. Rev. D24 (1981) 1310–1317.
[79] P. B. Pal, Constraints on a Muon - Neutrino Mass Around 100-kev, Nucl. Phys. B227
(1983) 237–251.
[80] R. N. Mohapatra, Rare decays of the tau lepton as a probe of the left-right symmetric
theories of weak interactions, Phys. Rev. D46 (1992) 2990–2995.
[81] V. Cirigliano, A. Kurylov, M. J. Ramsey-Musolf, and P. Vogel, Lepton flavor violation
without supersymmetry, Phys. Rev. D70 (2004) 075007, [hep-ph/0404233].
[82] V. Cirigliano, A. Kurylov, M. J. Ramsey-Musolf, and P. Vogel, Neutrinoless double beta
decay and lepton flavor violation, Phys. Rev. Lett. 93 (2004) 231802, [hep-ph/0406199].
[83] B. Bajc, M. Nemevsek, and G. Senjanovic, Probing leptonic CP phases in LFV processes,
Phys. Lett. B684 (2010) 231–235, [arXiv:0911.1323].
37
[84] C.-H. Lee, P. S. Bhupal Dev, and R. N. Mohapatra, Natural TeV-scale left-right seesaw
mechanism for neutrinos and experimental tests, Phys. Rev. D88 (2013), no. 9 093010,
[arXiv:1309.0774].
[85] D. Borah, S. Patra, and P. Pritimita, Sub-dominant type-II seesaw as an origin of non-zero
θ_13 in SO(10) model with TeV scale Z’ gauge boson, Nucl. Phys. B881 (2014) 444–466,
[arXiv:1312.5885].
[86] J. Chakrabortty, P. Ghosh, S. Mondal, and T. Srivastava, Reconciling (g − 2)µ and charged
lepton flavor violating processes through a doubly charged scalar, Phys. Rev. D93 (2016),
no. 11 115004, [arXiv:1512.03581].
[87] M. Lindner, M. Platscher, and F. S. Queiroz, A Call for New Physics : The Muon
Anomalous Magnetic Moment and Lepton Flavor Violation, arXiv:1610.06587.
[88] C. Bonilla, M. E. Krauss, T. Opferkuch, and W. Porod, Perspectives for Detecting Lepton
Flavour Violation in Left-Right Symmetric Models, arXiv:1611.07025.
[89] G. Ecker, W. Grimus, and H. Neufeld, The Neutron Electric Dipole Moment in Left-right
Symmetric Gauge Models, Nucl. Phys. B229 (1983) 421–444.
[90] J. F. Nieves, D. Chang, and P. B. Pal, Electric Dipole Moment of the Electron in Left-right
Symmetric Theories, Phys. Rev. D33 (1986) 3324–3328.
[91] J. M. Frere, J. Galand, A. Le Yaouanc, L. Oliver, O. Pene, and J. C. Raynal, The Neutron
electric dipole moment in left-right symmetric models, Phys. Rev. D45 (1992) 259–277.
[92] A. Maiezza and M. Nemevsek, Strong P invariance, neutron electric dipole moment, and
minimal left-right parity at LHC, Phys. Rev. D90 (2014), no. 9 095002, [arXiv:1407.3678].
[93] B. Brahmachari, E. Ma, and U. Sarkar, Truly minimal left right model of quark and lepton
masses, Phys. Rev. Lett. 91 (2003) 011801, [hep-ph/0301041].
[94] A. Davidson and K. C. Wali, Family Mass Hierarchy From Universal Seesaw Mechanism,
Phys. Rev. Lett. 60 (1988) 1813.
[95] K. S. Babu and R. N. Mohapatra, CP Violation in Seesaw Models of Quark Masses, Phys.
Rev. Lett. 62 (1989) 1079.
[96] P.-H. Gu and M. Lindner, Universal Seesaw from Left-Right and Peccei-Quinn Symmetry
Breaking, Phys. Lett. B698 (2011) 40–43, [arXiv:1010.4635].
[97] D. Borah, Light sterile neutrino and dark matter in left-right symmetric models without a
Higgs bidoublet, Phys. Rev. D94 (2016), no. 7 075024, [arXiv:1607.00244].
38
[98] D. Borah and A. Dasgupta, Observable Lepton Number Violation with Predominantly Dirac
Nature of Active Neutrinos, JHEP 01 (2017) 072, [arXiv:1609.04236].
[99] D. Borah and A. Dasgupta, Naturally Light Dirac Neutrino in Left-Right Symmetric Model,
JCAP 1706 (2017) 003, [arXiv:1702.02877].
[100] P.-H. Gu, A Left-Right Symmetric Model for Neutrino Masses, Baryon Asymmetry and
Dark Matter, Phys. Rev. D81 (2010) 095002, [arXiv:1001.1341].
[101] F. F. Deppisch, C. Hati, S. Patra, P. Pritimita, and U. Sarkar, Neutrinoless Double Beta
Decay in Left-Right Symmetry with Universal Seesaw, arXiv:1701.02107.
[102] D. Borah and S. Patra, Universal Seesaw and 0νββ in new 3331 left-right symmetric model,
arXiv:1701.08675.
[103] P. S. B. Dev, R. N. Mohapatra, and Y. Zhang, Quark Seesaw, Vectorlike Fermions and
Diphoton Excess, JHEP 02 (2016) 186, [arXiv:1512.08507].
[104] A. Dasgupta, M. Mitra, and D. Borah, Minimal Left-Right Symmetry Confronted with the
750 GeV Di-photon Excess at LHC, arXiv:1512.09202.
[105] F. F. Deppisch, C. Hati, S. Patra, P. Pritimita, and U. Sarkar, Implications of the diphoton
excess on left-right models and gauge unification, Phys. Lett. B757 (2016) 223–230,
[arXiv:1601.00952].
[106] KamLAND-Zen Collaboration, A. Gando et al., Limit on Neutrinoless ββ Decay of 136Xe
from the First Phase of KamLAND-Zen and Comparison with the Positive Claim in 76Ge,
Phys. Rev. Lett. 110 (2013), no. 6 062502, [arXiv:1211.3863].
[107] KamLAND-Zen Collaboration, A. Gando et al., Search for Majorana Neutrinos near the
Inverted Mass Hierarchy Region with KamLAND-Zen, Phys. Rev. Lett. 117 (2016), no. 8
082503, [arXiv:1605.02889]. [Addendum: Phys. Rev. Lett.117,no.10,109903(2016)].
[108] GERDA Collaboration, M. Agostini et al., Results on Neutrinoless Double-β Decay of 76Ge
from Phase I of the GERDA Experiment, Phys. Rev. Lett. 111 (2013), no. 12 122503,
[arXiv:1307.4720].
[109] M. Agostini et al., Background free search for neutrinoless double beta decay with GERDA
Phase II, arXiv:1703.00570. [Nature544,47(2017)].
[110] MEG Collaboration, A. M. Baldini et al., Search for the lepton flavour violating decay
µ+ → e+γ with the full dataset of the MEG experiment, Eur. Phys. J. C76 (2016), no. 8
434, [arXiv:1605.05081].
39
[111] I. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, I. Martinez-Soler, and T. Schwetz, Updated
fit to three neutrino mixing: exploring the accelerator-reactor complementarity, JHEP 01
(2017) 087, [arXiv:1611.01514].
[112] Planck Collaboration, P. A. R. Ade et al., Planck 2015 results. XIII. Cosmological
parameters, Astron. Astrophys. 594 (2016) A13, [arXiv:1502.01589].
[113] A. Kobakhidze and A. Spencer-Smith, Neutrino Masses and Higgs Vacuum Stability, JHEP
08 (2013) 036, [arXiv:1305.7283].
[114] D. Chang, R. N. Mohapatra, and M. K. Parida, Decoupling Parity and SU(2)-R Breaking
Scales: A New Approach to Left-Right Symmetric Models, Phys. Rev. Lett. 52 (1984) 1072.
[115] CMS Collaboration, V. Khachatryan et al., Search for vector-like charge 2/3 T quarks in
proton-proton collisions at sqrt(s) = 8 TeV, Phys. Rev. D93 (2016), no. 1 012003,
[arXiv:1509.04177].
[116] CMS Collaboration, V. Khachatryan et al., Search for pair-produced vectorlike B quarks in
proton-proton collisions at
√
s=8??TeV, Phys. Rev. D93 (2016), no. 11 112009,
[arXiv:1507.07129].
[117] CMS Collaboration, V. Khachatryan et al., Search for Decays of Stopped Long-Lived
Particles Produced in Proton?Proton Collisions at
√
s = 8TeV, Eur. Phys. J. C75 (2015),
no. 4 151, [arXiv:1501.05603].
[118] ATLAS Collaboration, M. Aaboud et al., Search for pair production of vector-like top
quarks in events with one lepton, jets, and missing transverse momentum in
√
s = 13 TeV
pp collisions with the ATLAS detector, arXiv:1705.10751.
[119] J. A. Aguilar-Saavedra, R. Benbrik, S. Heinemeyer, and M. Perez-Victoria, Handbook of
vectorlike quarks: Mixing and single production, Phys. Rev. D88 (2013), no. 9 094010,
[arXiv:1306.0572].
[120] ATLAS Collaboration, G. Aad et al., Search for heavy lepton resonances decaying to a Z
boson and a lepton in pp collisions at
√
s = 8 TeV with the ATLAS detector, JHEP 09
(2015) 108, [arXiv:1506.01291].
[121] Y. Zhang, H. An, X. Ji, and R. N. Mohapatra, Right-handed quark mixings in minimal
left-right symmetric model with general CP violation, Phys. Rev. D76 (2007) 091301,
[arXiv:0704.1662].
40
[122] ATLAS Collaboration, G. Aad et al., Search for new phenomena in the dijet mass
distribution using p− p collision data at √s = 8 TeV with the ATLAS detector, Phys. Rev.
D91 (2015), no. 5 052007, [arXiv:1407.1376].
[123] ATLAS Collaboration, M. Aaboud et al., Search for new phenomena in dijet events using
37 fb−1 of pp collision data collected at
√
s =13 TeV with the ATLAS detector,
arXiv:1703.09127.
[124] J. Kotila and F. Iachello, Phase space factors for double-β decay , Phys. Rev. C85 (2012)
034316, [arXiv:1209.5722].
[125] G. Pantis, F. Simkovic, J. D. Vergados and A. Faessler, Neutrinoless double beta decay
within QRPA with proton-neutron pairing, Phys. Rev. C53 (1996) 695, [nucl-th/9612036].
[126] M. Blennow, E. Fernandez-Martinez, J. Lopez-Pavon and J. Menendez, Neutrinoless double
beta decay in seesaw models, JHEP 1007 (2010) 096, [arXiv:1005.3240].
[127] L. Lavoura, General formulae for f(1) —> f(2) gamma, Eur. Phys. J. C29 (2003) 191–195,
[hep-ph/0302221].
[128] R. Adhikari et al., A White Paper on keV Sterile Neutrino Dark Matter, JCAP 1701 (2017)
025, [arXiv:1602.04816].
[129] Planck Collaboration, N. Aghanim et al., Planck 2018 results. VI. Cosmological
parameters, [arXiv:1807.06209].
[130] E. W. Kolb, R. N. Mohapatra and V. L. Teplitz, New Supernova Constraints on Sterile
Neutrino Production, Phys. Rev. Lett. 77, 3066 (1996), [arXiv:hep-ph/9605350v1].
[131] K. Kainulainen, J. Maalampi and J. T. Peltoniemi, Inert neutrinos in supernovae, Nucl.
Phys. B358, 435 (1991).
[132] G. Raffelt and G. Sigl, Neutrino flavor conversion in a supernova core, Astropart. Phys. 1,
165 (1993).
[133] F. Bezrukov, H. Hettmansperger, and M. Lindner, keV sterile neutrino Dark Matter in
gauge extensions of the Standard Model, Phys. Rev. D81 (2010) 085032, [arXiv:0912.4415].
[134] M. Nemevsek, G. Senjanovic, and Y. Zhang, Warm Dark Matter in Low Scale Left-Right
Theory, JCAP 1207 (2012) 006, [arXiv:1205.0844].
[135] R. J. Scherrer and M. S. Turner, Decaying particles do not "heat up" the Universe, Phys.
Rev. D31, 681 (1985).
41
[136] MiniBooNE Collaboration A. A. Aguilar-Arevalo et. al., Observation of a Significant
Excess of Electron-Like Events in the MiniBooNE Short-Baseline Neutrino Experiment,
[arXiv:1805.12028].
[137] L. Canetti, M. Drewes, T. Frossard, and M. Shaposhnikov, Dark Matter, Baryogenesis and
Neutrino Oscillations from Right Handed Neutrinos, Phys. Rev. D87 (2013) 093006,
[arXiv:1208.4607].
42
